shrinking, the region has increased in length by more than 30%. This demonstrates 23 that degenerative expansion can occur during the early evolution of non-recombining 24 regions. 25 26
Recombination facilitates the removal of deleterious mutations and creates advantageous 27 combinations of alleles. However, in some circumstances reduced recombination is favored. 28
This occurs during the early evolution of supergenes, in which selection favors the 29 suppression of recombination between haplotypes with advantageous combinations of 30 alleles at different loci 1, 2 . Sex chromosomes harbor the most well-known supergene regions, 31
but we now know that such genetic architectures are not rare and control variation for many 32 other complex phenotypes 3,4 . Reduced recombination leads to reduced efficacy of selection, 33
including reduced ability to remove deleterious mutations, because of interference among 34 linked loci. This phenomenon 5 is strongest in supergene variants where recombination is fully 35 suppressed. For example, because the Y (or W) chromosome does not occur in the 36 homozygous state, genetic hitchhiking and background selection affect the entire length of its 37 supergene region 2,5-8 . This results in the gradual degeneration of Y (and W) chromosomes, 38
with two striking long-term effects: the loss of protein-coding genes and the accumulation of 39 repetitive elements 97,9 , both reducing gene density. This is particularly visible in the human Y 40 chromosome which has approximately 14 times fewer genes and 5 times lower gene density 41 than the X chromosome 10,11 . 42 Accumulation of repeats can already happen at early stages of Y chromosome evolution as 43 shown in Drosophila miranda (age 1 million years, i.e. 10 million generations) and Silene 44 latifolia (age 6 million years, i.e. 6 million generations) 12 . Intriguingly, the supergene region of 45 suppressed recombination on the hermaphrodite determining Y h chromosome of papaya (7 46 million years old, i.e. 7 million generations) is approximately two-fold larger than the 47 homologous region in the X chromosome 13 . Such results suggests that large-scale 48 accumulation of repetitive elements could precede gene loss. Because repetitive regions are 49 difficult to study, we know little about how and when such "degenerative expansion" 14 occurs. 50
The young social chromosome supergene system of the red fire ant Solenopsis invicta 51 provides the opportunity to examine the early effects of restricted recombination. Two social 52 chromosome supergene variants, SB and Sb, control a complex social phenotypic 53 dimorphism where colonies have either one or up to dozens of reproductive queens 15, 16 . The 54 accumulation of unique SNP alleles indicates that recombination between the two variants 55 has been suppressed for >350,000 years (i.e., >175,000 generations) over a chromosomal 56 region encompassing >20 Mb and containing >400 protein-coding genes 16 . The suppression 57 of recombination in Bb individuals has led to differentiation between SB and Sb throughout 58 the entire length of the region 17 . SB can recombine in homozygote diploid BB queens. 59
However, bb queens are never observed, either because they fail to reproduce, or because 60 they die due to other intrinsic reasons 18 . Because Sb has no opportunity to recombine it 61 should be affected by reduced efficacy of selection in a similar way to a Y or W chromosome. 62
To test whether degenerative expansion is an early effect of suppressed recombination, we 63 apply a dual approach based on Bionano Genomics Irys optical mapping and short read 64
Illumina sequence data. In a first step we optically mapped one haploid fire ant male carrying 65
the SB variant and one carrying the Sb variant. For each individual, we created a de novo 66 assembly of optical contigs (Suppl. File 1). 67
We first performed pairwise alignments between the optical assemblies of the two individuals 68
to identify large (≥3kb) insertions and deletions (indels). The 187 deletions in the b individual 69
were homogeneously distributed among the 16 chromosomes according to chromosome size 70
(χ²d.f.=15 = 24.02, p = 0.07). However, the social chromosome which carries the supergene 71
region was significantly enriched in insertions ( Fig. 1a S. invicta 20 . We created optical assemblies for one Gp-9 B sample and one Gp-9 b sample 114 from each of the two relatives. To test whether S. quinquecuspis and S. richteri also carry the 115 social supergene, we identified indels between the B and b optical assemblies in each of the 116 three Solenopsis species. According to neighbor-joining trees based on presence and 117 absence of indels for each of chromosomes 1 to 15, individuals cluster by species. In 118 contrast, in a tree built using the region of the social chromosome supergene as known from 119 S. invicta, the b individuals cluster separately from the B individuals. These data demonstrate 120 that the supergene region exists in all three species, and that it likely has a single origin. 121
These conclusions are further corroborated by inversions shared across species (Suppl. 122
Files). The optical assemblies of the related species had lower contiguity than for S. invicta 123 but provided the power to compare distributions of insertions and deletions. In both species, 124 the supergene region in the b sample had a highly significant enrichment of insertions but not 125 deletions in comparison to the B sample and to the rest of the genome (Suppl. File 1). 126
In sum, Sb has accumulated at least 30% more DNA content than SB. Despite extensive 127 efforts 16,21 , we know of almost no differences in content of protein coding genes between Sb 128 and SB. Our results thus show that Sb is in a stage of degenerative expansion in three 129
Solenopsis species. This expansion is consistent with reduced efficacy of selection against 130 mildly deleterious mutations such as insertions in non-coding regions 6,14,22 . Our study is the 131 first to demonstrate degenerative expansion in an animal, but this may be a general feature 132 of young nonrecombining regions. In stickleback fish, a nascent Y chromosome that is 133 cytologically indistinguishable from the X includes Y-specific insertions and duplications 23 . 134
Similarly, the older Drosophila hydei Y chromosome is smaller than its X chromosome 135 counterpart, but carries some of the largest introns of the genome (≥3.6 Mb) 24 , perhaps a 136 remnant of past chromosome-wide expansion. What type of selective pressure could be 137 responsible for the absence of large deletions in a young supergene region such as the Sb 138 supergene variant? Part of the answer could be that the system is too young, lacking 139 mechanisms such as dosage compensation 2 or gene relocation that could reduce the fitness 140 cost of large deletions 8,14 . On the other hand, purifying selection could be much stronger in 141 ants, where mutations are exposed to strong purifying selection in haploid males, than in 142 organisms that are always diploid. Such strong purifying selection against loss of genetic 143 material has indeed been observed in other organisms with haploid life stages 25,26 . Our study 144 presents a striking example of degenerative expansion, providing evidence for this process 145 as a hallmark of early supergene evolution and highlighting the important role of 146 recombination (or the lack thereof) in shaping the genome. 147 
Methods

